TASK-2, a member of the Two-Pore Domain (K2P) subfamily of K + channels, is encoded by the KCNK5 gene. The channel is expressed primarily in renal epithelial tissues and a potentially deleterious missense variant in KCNK5 has recently been shown to be prevalent amongst patients predisposed to the development of Balkan Endemic Nephropathy (BEN), a chronic tubulointerstitial renal disease of unknown etiology. In this study we show that this variant (T108P) results in a complete loss of channel function and is associated with a major reduction in TASK-2 channel subunits at the cell surface. Furthermore, these mutant subunits have a suppressive or 'dominant-negative' effect on channel function when coexpressed with wild-type subunits. This missense variant is located at the extracellular surface of the M2 transmembrane helix and by using a combination of structural modelling and further functional analysis we also show that this highly-conserved threonine residue is critical for the correct function of other K2P channels. These results therefore provide further structural and functional insights into the possible pathophysiological effects of this missense variant in TASK-2.
Introduction
Balkan Endemic Nephropathy (BEN) is a hereditary, chronic renal disease occurring in several countries of the Balkan Peninsula [1] . The pathology of BEN is generally characterized by a slowly progressive atrophy and sclerosis of kidney structures thereby leading to end-stage renal failure, and consequently shares many similarities with several tubulointerstitial kidney diseases [2] . BEN is also frequently associated with upper urothelial cancer and this papillar carcinoma is often the most common cause of death in BEN patients [3] . Although many possible causes of the disease have been reported, including genetic predisposition, familial deficiency of enzymatic activity, genetic polymorphisms, and chromosomal aberrations [2, 4] , the mechanisms leading to the development of this disease are still unknown [5] .
Recently, a missense variant in the KCNK5 gene that encodes the TASK-2 K2P K + channel has been reported to exist in higher frequency amongst certain patients predisposed to BEN [6] . Potassium channels play a fundamentally important role in a renal function; in particular, they generate and maintain the resting membrane potential, regulate the contractility of renal vascular cells in the glomerulus, maintain potassium homeostasis and also facilitate both sodium reabsorption and many sodium-coupled transport processes [7] . In the human kidney, the TASK-2 channel has been shown to be highly expressed in the nephron [8] , especially in tubular epithelia where the highly alkaline pH levels may play an important role in their regulation. More specifically, TASK-2 is thought to function as a molecular switch that modulates the epithelial K + conductance relative to the rate of HCO 3 − absorption [9, 10] . Further evidence for the role that the TASK-2 channel plays in renal function comes from studies of a KCNK5 null mouse model which exhibits significant renal dysfunction similar to that observed in human proximal renal tubular acidosis [11] . The variant in the KCNK5 gene recently reported in BEN patients was one of three variants in different genes that were identified by exome sequencing of affected individuals [6] . This KCNK5 variant (c.1397A>C) is predicted to change a threonine residue in the second transmembrane helix (M2) with a proline (T108P). The introduction of proline residues into α-helical transmembrane segments is well known to cause structural changes, and movement of the TM-helices is also known to play an important role in K + channel function. Thus, given the reported role of TASK-2 channels in renal function, it is reasonable to assume that altered function of this gene might predispose certain patients towards this disease, and it has been reported that expression of this mutant in mammalian tsA201 cells produces a loss of function consistent with its proposed pathophysiological role [12] . In this study we have further characterized the structural and functional effects of this variant, and demonstrate that this mutation also exhibits a dominant-negative effect that will likely exacerbate the severely deleterious effect of this variant on normal TASK-2 channel function.
Materials and Methods

Molecular Biology
The wild-type human TASK-2 gene (KCNK5, Accession number: AF084830) was obtained from Source Bioscience and subcloned into a plasmid vector (pBF) suitable for in vitro transcription and expression in Xenopus oocytes. The T108P mutation was introduced by sitedirected mutagenesis and mRNA was transcribed after vector linearization using SP6 RNA polymerase and the AmpliCap SP6 High Yield Message Maker kit (CellScript). The wild-type human TASK-2 gene and its variant T108P were also subcloned into pFAW-Ac-GFP vector, which adds GFP protein to the C-terminus of the inserted genes. For this vector the AmpliCap T7 High Yield Message Maker kit (CellScript) was used for transcription. mRNA was quantified using a Nanodrop spectrophotometer and mRNA integrity was assessed by agarose gel electrophoresis. Unless otherwise stated, a volume of 50 nl of mRNA was injected into Stage V and Stage VI Xenopus oocytes at a concentration of 50 ng μl -1 for either wild-type or mutant subunits (i.e. 2.5 ng per oocyte). For coinjection of WT and mutant mRNA at a 1:1 ratio, 2.5 ng of WT mRNA and 2.5 ng of mutant mRNA were injected per oocyte (or 2.5 ng of WT and 12.5 ng of mutant mRNA for the 1:5 ratio). Identical ratios/quantities mRNA for a non-functional channel subunit which does not coassemble with K2P channels (Kir2.1 G168X) [13] were also used as a control without effect. Oocytes were incubated for 18-24 h at 17°C in ND96 buffer at pH 7.4 (96 mM NaCl, 2 mM KCl, 2 mM MgCl2, 1.8 mM CaCl2, 5 mM HEPES). 2.5 mM sodium pyruvate, 0.05 mg/ml gentamicin and tetracycline, 0.1 mg/ml amikacin and ciprofloxacin were also added to the ND96 solution for oocyte culture.
Electrophysiology
Two-electrode voltage clamp was used to record whole-cell currents using a GeneClamp 500 amplifier (Axon Instruments), Digidata 1322A (Axon Instruments) interface and pClamp 9.2 (Axon Instruments). All cells were tested at room temperature while being continuously perfused with ND96 bath solution (containing 96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 2 mM MgCl2 and 10 mM HEPES) via a peristaltic pump perfusion system. Unless otherwise stated, currents were recorded using 300 ms voltage steps from a holding potential of -80 mV delivered in 20 mV increments between -140 mV and +100 mV. All recorded traces were analyzed using Clampfit (Axon Instruments), and graphs were plotted using Origin (OriginLab Corporation).
Microscopy
Confocal fluorescence microscopy was used to determine the localization of either hTASK-2-GFP WT or hTASK-2-GFP T108P constructs expressed in Xenopus oocytes. All imaging was performed at room temperature using a PlanApochromat 63x /1.4 oil DIC objective. Cells were mounted on a chamber slide and viewed with a Zeiss LSM 510 META laser scanning system. The oocytes selected for confocal imaging had uniform animal and vegetal poles. Staining was performed by incubating the cells for 5 min in PBS containing 5ug/ml of CF 633-labeled wheat germ agglutinin (WGA-CF 633; Biotium), which stained the cells membrane from the extracellular side. The fluorescence signal originating from GFP-tagged proteins was identified using excitation with the 488 nm line of an argon laser. WGA-CF was excited by the 633 nm He-Ne laser. Emissions were collected at 530 nm and 660 nm.
Results
T108P variant results in a loss of TASK-2 channel function
To understand the possible pathophysiological effect of this mutation we first measured the functional properties of the wild-type (WT) human TASK-2 channel heterologously expressed in Xenopus oocytes. Whole-cell currents were recorded by two-electrode voltage clamp from cells injected with WT TASK-2 mRNA (50 ng μl
−1
). These currents displayed an outwardly rectifying behavior in physiological solutions at pH 7.4 (3.53 ± 0.91 μA, at +100 mV, n = 9), similar to those previously reported for this channel [8] . However, by marked contrast, oocytes injected with similar amounts of mRNA for T108P mutant channel failed to produce any detectable K + conductance; the observed currents (0.61 ± 0.11 μA, at +100 mV, n = 8) (Fig 1A) ,
were indistinguishable from the background currents recorded from uninjected oocytes (0.93 ± 0.11 μA, at 100 mV, n = 9). We also found that injection of much higher concentrations of mRNA for this mutant (up to 600 ng μl
) repeatedly failed to produce any detectable K + currents (not shown). This result is consistent with a previous report of a loss of function [12] and confirms that this variant produces a severe loss of TASK-2 channel function in more than one expression system.
Effects on activation by external pH
Anomalous titration of an arginine residue (R224) has been shown to be important for the increase in TASK-2 channel activity seen at alkaline pH. This residue is thought to modify the structural stability of the selectivity filter gating mechanism [14] and is in a similar position that of the T108P mutation, i.e. it is located close to the extracellular surface of one of the porelining helices (M4). We therefore examined whether the loss of function observed for the T108P mutation might be due to an ability of the channel to be activated by extracellular acidification.
To address this, we first examined the activation of wild-type TASK-2 channels by external alkalinization (Fig 1B and 1C ). In agreement with previous reports, the activity of these WT channels (recorded at +100 mV) increased markedly at more alkaline external pH (pH o ). (Fig  1B) . At pH o 9.0, WT TASK-2 currents increased >3-fold (Fig 1C and 1D) . However, no increase in basal currents was observed for T108P mutant channels at pH o 9.0 (Fig 1B and 1D ) suggesting that, under these conditions, this mutation produces completely non-functional TASK-2 channels.
Dominant-negative effect of the T108P mutation K2P channel subunits contain two pore-forming units and assemble as a dimer to create a pseudo-tetrameric pore. Like classical tetrameric K + channels they are therefore susceptible to the 'dominant-negative effect' that occurs in the heterozygous state where both wild-type and mutant subunits are coexpressed, and where coassembly of mutant subunits into the pore affects the functional properties of the channel [15, 16] . Most patients identified with this mutation are heterozygous [6] and so we therefore assessed the ability of this variant to influence WT TASK-2 channel function by coinjecting mRNA for WT and mutant subunits. At physiological pH o 7.4, co-expression of WT and T108P mutant subunits in a 1:1 ratio caused a reduction of WT current amplitude by >40% (Fig 2) . This effect was dose-dependent and injection of a 1:5 ratio (WT:T108P) reduced currents to near background levels. Dose-dependent dominant-negative effects were also observed at pH o 9.0 (Fig 2) . As a control, and similar to that shown before [15, 16] , no reduction in current was observed if coinjected with identical quantities of an unrelated mRNA (not shown).
Overall, these results demonstrate that T108P subunits are able to coassemble with WT TASK-2 subunits to down-regulate channel activity in the heterozygous state.
Structural modelling of the T108P mutation
Comparison of amino acid sequences for the 15 known human K2P channels reveals that this threonine residue is TASK-2 is almost completely conserved across this family except two members of the TWIK subfamily (KCNK1 and KCNK7) that have a serine at this position ( Fig 3A) . This high degree of sequence conservation indicates that this residue may be important for K2P channel function. We therefore created a homology model of TASK-2 based upon the available crystal structure of the related human TREK-2 channel (PDB: 4XDJ) [17] . This homology model predicts that this mutated residue is located at the extracellular face of the channel, just before the M2 α-helix begins (Fig 3B) . The model also predicts that the threonine side-chain forms a hydrogen bond to the backbone of another highly conserved glutamate residue (E27) on the adjacent M1 helix. Intriguingly, mutation of this glutamate has been shown to disrupt the pH-sensing mechanism in other K2P channels [18] . Furthermore, the high degree of sequence conservation at this site suggests that H-bonding between M2 and M1 at this position may be feature in all K2P channels. However, as observed with this particular missense variant, mutation of this residue to a proline is likely to have a major impact on the structural flexibility of this loop and will not just affect H-bonding at this site.
Effect of an equivalent mutation in TREK-1
To further probe the importance of this highly-conserved residue in K2P channel function we mutated the equivalent residue (T167P) in the well-characterized human TREK-1 channel [10]. At physiological pH o , oocytes expressing this mutant produced background level currents which did not appear different from uninjected oocytes (TREK-1 T167P: 0.72 ± 0.04 μA, n = 8; uninjected oocytes, 0.78 ± 0.12 μA, n = 7). Injection of 5-fold higher concentration of mRNA (100 ng μl ) also failed to produce functional channels (not shown). We also attempted activation of these background currents with BL-1249, a compound known to dramatically enhance WT TREK-1 currents [19] . Interestingly, although BL-1249 (30 μM) activated WT TREK-1 currents by >5 fold, it had no effect on the TREK-1 T167P mutant. TREK-1 is also activated by external alkalinization [10], but we found that pH 9.0 failed to activate the TREK-1 T167P mutant (not shown). Overall, these results support our observation that mutation of this highly conserved residue dramatically impacts K2P channel function.
Systematic mutagenesis of Threonine 108
The principal gating mechanism in K2P channels is thought to located within the selectivity filter [20] [21] [22] [23] and the flexibility of the external loops that connect to this region are thought to play a critical role in the regulation of channel gating [10] . The predicted H-bonding between T108 at the top of M2 and the highly conserved glutamate (E27) at the top of M1 may be important for correct channel function and it has also been shown that mutation of this glutamate produces non-functional channels [24] . Therefore, to investigate the possible structural reasons underlying the loss of function by the T108P mutation we engineered TASK-2 variants with different amino acid substitutions at this position (Fig 4) .
Interestingly, we found that the T108S mutant exhibited properties almost identical to WT TASK-2, whereas the T108A, T108V and T108G mutations all resulted in markedly reduced currents at physiological pH. However, unlike the T108P mutant, these currents all increased upon extracellular alkalinization, although to a lesser extent than WT TASK-2 channel (Fig 4) . These results suggest that the presence of a hydroxyl group in the threonine and serine side chains is essential for correct channel function, and that the proline mutation may have additional effects on channel function unrelated to the loss of H-bonding at this position.
The T108P mutation reduces cell surface expression Mutation of highly conserved residues can have effects on protein structure and folding, as well as protein function. In the case of membrane proteins such misfolding can also result in their In comparison to WT, current amplitudes were markedly reduced for all mutants except T108S suggesting that H-bonding at this position is required for correct channel function. Results are shown as means ± s.e.m (WT vs T108P/A/V/G, P<0.01 at pH 7.4 and pH 9; T108P vs T108V, P<0.05 at pH 7.5 and pH 9; T108P vs T108G and T108A, P<0.01 at pH 7.5, P<0.05 at pH 9, one-way ANOVA, post-hoc Tukey HSD test; n = 9 for all conditions). retention in the endoplasmic reticulum (ER) and/or subsequent degradation [25, 26] . We therefore investigated whether the apparent major loss of function observed for the T108P mutation was due to a reduced number of mutant subunits in the cell membrane.
To monitor this we fused green fluorescent protein (GFP) to the C-terminus of both WT and T108P mutant TASK-2 channels, expressed them in oocytes and measured their relative surface expression using confocal fluorescence microscopy. Importantly, fusion of GFP to the C-terminus did not appear to affect the functional properties of TASK-2; these tagged subunits produced whole cell currents similar in size to that of WT TASK-2 that could be activated at alkaline pH. Consistent with their functional expression, a strong membrane-localized fluorescence could also be observed. This was in marked contrast to the T108P-GFP mutant channel where no localization near the cell perimeter could be observed (Fig 5) . The levels of fluorescence observed for the mutant channel were similar to those measured for uninjected oocytes under the same conditions (not shown). Overall, these results strongly suggest that the T108P mutation also disturbs the correct assembly/ processing/trafficking of these mutant subunits so that fewer channels appear at the cell surface. 
Discussion
In this study we have shown that the KCNK5 missense variant (T108P) associated with Balkan Endemic Nephropathy results in a complete loss of function in homomeric TASK-2 channels when expressed in Xenopus oocytes, and that there is impaired trafficking and/or processing of these mutant subunits to the cell surface. Furthermore, we show that these mutant subunits also have a major suppressive or 'dominant-negative' effect on channel function when coexpressed with wild-type subunits. Structural modelling and further functional analysis also reveals that H-bonding between this highly conserved threonine residue on M2 and E27 on the M1 helix appears to be critical for correct K2P channel function. These results therefore provide further structural and functional insight into the possible pathophysiological effects of this missense variant in the TASK-2 K2P channel.
Increasing knowledge of the TASK/TALK subfamily of K2P channels reveals that they play an important role in the regulation of both renal and respiratory physiology [27, 28] . This is perhaps not surprising given the interplay between both systems in acid-base balance. Such homeostasis is achieved primarily by regulating bicarbonate exchange (mainly in the proximal tubule) and the secretion of buffered protons (in the distal tubule) where members of the TASK subfamily, in particular TASK-2, play an important role in this process [28] . Due to their extracellular pH-sensitivity, TASK-2 channels are also thought to play a critical role in the regulation of CO 2 /H + levels in the CNS and to tune respiratory activity. Therefore the idea that a missense variant in the KCNK5 gene encoding the TASK-2 channel may predispose certain patients towards BEN is clearly strengthened by the important role that this channel plays in renal physiology [6] .
The complete loss of function we observe for this variant may arise from modified gating properties of the channel, reduced numbers at the cell surface or more likely, a combination of both factors. Our results suggest that only side chains capable of H-bonding at this position (i.e. serine and threonine) lead to correct channel function and therefore mutation to a proline residue will prevent this interaction. However, the results also suggest that the complete loss of function seen with the T108P mutation may result from reduced numbers of TASK-2 channels in the cell membrane. Compared to the other mutations we tested, the introduction of a proline at this position is likely to have a greater effect on the structure of the channel at a position where it begins to form the M2 α-helix. This would therefore not only reduce H-bonding at this position, but might also affect protein folding, insertion into the membrane and trafficking to the cell membrane. Such mutant proteins are therefore unlikely to escape the general quality control mechanisms in the ER leading to their retention and/or degradation [25, 26] .
Non-functional ion channel subunits are also known to produce a 'dominant-negative' effect in the heterozygous state by coassembly with WT subunits, although due to their dimeric assembly, the extent of the dominant-negative effect in K2P channels can sometimes be less pronounced than for classical tetrameric channels [15, 16, 26] . Nevertheless, this down regulation of channel activity will either result from incorrect assembly and degradation of heteromeric channels, or their dysfunction [15, 16, 26] . In the case of the T108P variant, the fact that the homomeric channels do not reach the membrane may be one of the main reasons underlying this dominant-negative effect. However, it remains unclear whether the suppressive effect of this mutation is primarily due to reduced heteromeric channel function, or a failure to reach the cell surface, or perhaps reasons. Further experiments would be required to establish the importance of these different mechanisms and expression in Xenopus oocytes may not be the best system to address such detailed questions about changes in intracellular trafficking and cell biology. Nevertheless, this loss of function phenotype for the T108P mutation is unlikely to be an artefact of the oocyte expression system because a similar loss of function has also been observed when this variant is expressed as a homomeric channel in mammalian tsA201 cells [12] .
Loss-of-function mutations in potassium channels have been linked to many human channelopathies and although mutations in K2P channels appear to be observed less frequently than those in e.g. voltage-gated or inward rectifier K + channels, a number of associated channelopathies are beginning to emerge. For example, loss of function mutations in TASK-3 are associated with Birk-Barel Syndrome [29] , mutations in TWIK-2 and TASK-1 with pulmonary hypertension [30, 31] and mutations in the TRESK channel with certain forms of migraine [15, 16] . In the latter case, loss of function variants in TRESK were also found to operate in a similar dominant-negative fashion, although the precise nature of the heterologous expression system appears to influence the severity of this effect [15, 32] . Likewise, in the case of Birk-Barel syndrome, incomplete penetrance of the allele and other epigenetic factors are also thought to influence the impact of the mutation [29] . The etiology of BEN is complex and any genetic predisposition is also likely to be complex. Nevertheless, our results suggest that any patient who possesses this missense variant is likely to have severely impaired TASK-2 channel function whether they are homo-or heterozygous for this mutation. The 'loss of function' associated with this variant is severe and therefore clearly has the potential to impact renal function. It seems remarkable that patients with such a severe functional mutation do not exhibit a much clearer phenotype, but several studies have now demonstrated that apparently 'healthy' individuals within the population can harbor a number of complete loss of function variants in supposedly 'essential' genes without adverse effects [33, 34] .
In summary, this study demonstrates that the T108P mutation in TASK-2 results in a severe loss of channel function and examines the structural and functional basis for this effect. This therefore highlights the potential pathophysiological role that this variant may play in the declining renal function of patients with BEN and may help with better diagnosis of this complex disorder. 
